Abstract Multiple myeloma (MM) is an incurable B-cell neoplasia in which progressive skeletal lesions are a characteristic feature. Earlier we established an animal model for human MM in the immune-deficient RAG2 -/-cc -/-mouse, in which the growth of luciferase-transduced MM cells was visualized using noninvasive bioluminescence imaging (BLI). This model appeared well suited to study disease progression and response to therapy by identifying the location of various foci of MM tumor growth scattered throughout the skeleton and at subsequent time points the quantitative assessment of the tumor load by using BLI. We report here on the corresponding high-resolution X-ray micro-computed tomographic (micro-CT) analysis to study skeletal defects in the mice with full-blown MM. Several anatomical derangements were observed, including abnormalities in geometry and morphology, asymmetrical bone structures, decreased overall density in the remaining bone, loss of trabecular bone mass, destruction of the inner microarchitecture, as well as cortical perforations. Using the combination of BLI, micro-CT imaging, and immunehistopathological techniques, we found a high correlation between the micro-CT-identified lesions, exact tumor location, and infiltration leading to structural lesions and local bone deformation. This confirms that this animal model strongly resembles human MM and has the potential for studying the biology of MM growth and for preclinical testing of novel therapies for MM and for repair of MMinduced bone lesions.
for minor HLA antigens as targets for MM therapy [5] or for testing MM-specific T-cell clones and the T-cell receptor transfer approach [6] . For preclinical testing of novel treatment strategies a humanized animal model will provide relevant data [7] . There are a limited number of xenograft models of human myeloma in immune-deficient mice, e.g.-SCID mice [8] [9] [10] , humanized SCID-Hu [11, 12] , nonobese SCID mice [13] [14] [15] [16] [17] , and SCID-Rab [18] -in which several studies are ongoing that are aimed at identifying the illusive MM stem cell which is the ultimate target that has to be eliminated to cure the disease [19] . While these models offer unique opportunities to study the pathobiology of human MM in vivo, they have their limitations for testing new therapeutics against human myeloma because as yet they are not suited for reproducible, convenient, and sensitive monitoring of cytotoxic or immunological therapies. In preclinical animal model research it is important to select the appropriate model for addressing specific research questions [7] . For MM studies this implies having adequate analytical tools to detect and quantify MM tumors and to analyze the typical MMassociated pathological changes in the microenvironment. We therefore developed a humanized murine model for MM in the RAG2 -/-cc -/-knock-out (KO) immune-deficient mouse [20] , in which we showed that human MM cells can successfully engraft since this mouse strain typically lacks B, T, and NK cells [21, 22] . To monitor the in vivo MM growth quantitatively, we injected RAG2 -/-cc -/-mice intravenously with luciferase gene-transduced MM cells. For preclinical development of therapies based on immunological targeting of myeloma cells with humanized antibodies or minor HLA antigen-specific T cells, it is important to use human myeloma cells already in the preclinical phase. Therefore, we used U266 and RPMI 8226/S cell lines, which are both derived from myeloma patients and have extensively been studied. Although the long ex vivo culturing of these cells may have affected typical MM characteristics, they retained the specific behavior of homing only to the bone marrow environment as well as the expression of CD138 [20] . The MM model has been validated for such therapeutic interventions as total-body irradiation and donor lymphocyte infusion, as described earlier [20] . Here, we describe the results of a micro-CT analysis of human MM-induced bone lesions in this model. At sequential time points the outgrowth of MM cells was visualized by noninvasive bioluminescence imaging (BLI) in living mice. Whereas the BLI signal indicates the presence of tumor cells, it does not show in full detail what part of the skeleton is affected nor does it identify the nature of the lesions caused by MM.
For a more focused insight into the defects caused by MM, high-resolution X-ray micro-CT was applied post mortem [23, 24] . Full-body scans were combined with an extensive analysis of isolated bones. Micro-CT imaging allowed exact localization and identification of the anatomical structures that were affected. Abnormalities in geometry, morphology, and asymmetrical bone structures were seen. Also, the ectopic calcification outside the skeleton was detected. A correlation was made between data from micro-CT, presence of MM cells, and BLI to show the potential of the combination of BLI and micro-CT.
Materials and Methods

Cell Lines and Cell Culturing
The human MM cell lines that we describe in this study are U266 and RPMI-8226/S, of human origin (both obtained from the American Tissue Culture Collection [ATCC])-cultured, transduced with the luciferase-GFP gene, and characterized as described earlier [20] .
Transplantation of MM Cells into RAG2
-/-cc -/-Mice
Immune-deficient mice from the RAG2 -/-cc -/-(double KO) strain were used in the experiments at the age of 9-14 weeks. Twenty-four hours before the injection of freshly cultured MM, mice received total-body irradiation (TBI, 3.0 Gy X-rays). MM cells (5 9 10 6 ) suspended in 200 ll PBS containing 0.1% BSA (GIBCO, Breda, The Netherlands) were injected intravenously (i.v.) via the lateral tail vein. The tumor load in the mice was determined by weekly BLI measurements as described [20] . In case of paralysis of the hind limbs or when the mice became moribund, the experiment was terminated. The mice were imaged in detail just before being killed by cervical dislocation. Organs and skeletal parts were isolated and fixed in 4% formalin. As controls we killed mice of both sexes at the same age. Organs and the skeleton were isolated and fixed in formalin.
BLI
A few minutes before BLI, the mice were anesthetized by intramuscular (i.m.) injection of 50 ll of ketaminexylazine-atropine. One minute before imaging, the mice received an intraperitoneal (i.p.) injection of 100 ll 7.5 mM D-luciferine (i.e., 125 mg/kg; Synchem Chemie, Kassel, Germany) and were placed in a light-tight chamber. Bioluminescence images were taken from both the ventral and the dorsal sides of the mice using a cooled chargecoupled device (CCCD) camera (Roper Scientific Princeton Instrument, Trenton, NJ), fitted to a light-tight chamber and mounted with a 50-mm F1.2 Nikon lens, controlled by the MetaVue Software package (Universal Imaging, Downingtown, PA). The instrument is especially designed for photon counting. The integrated light intensity of a stack of 10 sequential 1-minute exposures was used to quantify the amount of light emitted by the MM cells. A low-intensity visible light image was made and used to produce ''overlay'' images. The images were analyzed with MetaMorph Imaging System software (Universal Imaging Corporation).
Histopathological Examination
Femurs were fixed, decalcified in saturated EDTA for 7 days, and embedded in paraffin. Sections, 5 lm thick, were stained with hematoxylin and eosin for histological examination. For detection of human MM cells, sections were labeled with anti-CD138 (Labvision, Fremont, CA). As secondary antibody PowerVision Poly HRP-anti Rabbit IgG (ImmunoLogic/Klinpath, Duiven, The Netherlands) was used, followed by the peroxidase enzymatic reaction. CD138 was used because FACS analysis of U266 and RPMI 8226/S cells indicated that MM cells expressed this CD marker in vitro as well as ex vivo in culture; it was used for the in situ detection of foci of CD138-positive MM cells on histological slides [20] .
High-Resolution X-Ray Micro-CT Micro-CT scans were obtained at the end of the experiments after the death of the animals. Initially, in fixed animals the whole skeleton, except for the skull, was scanned in an X-ray micro-CT system (Skyscan 1076, Kontich, Belgium) in order to determine which parts of the skeleton were affected. Both the X-ray source (focal spot size 8 lm, energy range 20-100 keV) and the detector (CCD camera 2.3kx4k) rotated around the animal. Scanning time (12 minutes per scan of an area 18 mm long) and conditions were selected to mimic an in vivo study of the animals described earlier by our group [24] . Pixel size was 35 lm. A 90-kV tube voltage and a Ti filter in the beam path were used. Rotation angle was 0.5 o . In total six to eight successive scans (each 18 mm long) were acquired in each animal to visualize the whole skeleton. Eleven diseased and four control animals were scanned.
Based on the evaluation of the initial results of the fullbody scans, bones from the MM and control mice were isolated and scanned by high-resolution X-ray micro-CT (Skyscan 1072) with a pixel size of 13 lm. For more detailed CT the right femur and tibia, sternum; pelvic region including sacrum, ileum, sacral, lumbar and thoracic vertebrae were selected for all mice regardless of the BLI signals. From the 11 mice that we studied five to seven specimens were scanned in detail. In this micro-CT set-up, the camera and X-ray source were fixed, while the bones were mounted on a rotating stage. Source parameters were 80 kV and 100 lA. A total of four frames were acquired with a 0.9°rotation step, resulting in a scanning time of about 2 hours. In all scans virtual cross sections were reconstructed by the Feldkamp cone beam algorithm [25] . 3D models were built by Skyscan software. Further details of both scanners were published elsewhere (www.skyscan.be).
Results
Engraftment and Tumor Growth of MM Cell Lines
The cell lines U266 and RPMI-8226/S were selected because they showed a characteristic outgrowth at multiple sites scattered throughout the bone marrow compartment. Following i.v. injection of 5 9 10 6 MM cells, the first signs of MM growth appeared after 3 weeks, illustrated by focal areas of luciferase activity detected by BLI. The mice were imaged every week, and photon counting of emitted light provided a quantitative parameter to measure tumor load, enabling the construction of tumor growth curves. , showing the location as well as the subsequent outgrowth from weeks 3 through 15 at the ventral and dorsal sides, respectively. The 2-weekly images show an increase of the various foci with luciferase activity throughout the skeleton of the mouse. As can be seen clearly, the first signs of MM growth are in the femur and tibia, followed by luciferase activity at other locations, e.g., the pelvic region, jaw, ribs, vertebrae, and sternum. The outgrowth of MM tumors appeared to be restricted to the sites of initial homing because in the course of MM development only rarely were new sites of MM growth observed. BLI-negative skeleton parts showed no outgrowth of MM tumors. To show the 2-weekly image in a single figure, we depicted the subsequent images at different scaling to prevent oversaturation of the image (Fig. 1c, d ). This is illustrative for the large increase in local tumor load during tumor progression. Toward the terminal phase of the disease we observed emerging hind-leg paralysis in most of the animals, which was the reason to kill the animals and to use them for post mortem micro-CT analyses.
Micro-CT Imaging
Initially, full-body micro-CT revealed the location of anatomical derangements in mice with MM.
A correlation was made between the BLI results and micro-CT scanning of 11 complete skeletons of myelomadiseased mice. Fifty-one positive BLI signals were detected, whereas micro-CT showed that 53 regions in the skeleton were affected. To evaluate the correlation of BLI and micro-CT, we summarized the correlation between the different imaging signals (BLI and micro-CT) in Table 1 . For the femora and tibiae, a correlation in 19/22 was observed between the two techniques and in the sternum a correlation in 7/10 (one specimen was excluded due to the inability to make scans of that area). For the pelvic (sacrum) area a correlation was seen in 10/11 specimens examined, whereas only 16/22 of the signals could be matched in the humera. BLI signals in the chest area, especially the ribs, could not be confirmed by micro-CT because these structures are too small on the tomographic slices. It should also be noted that the skull was not included in the micro-CT analysis.
Based on the results of the full-body scans, individual bones were isolated and scanned at 13 lm pixel size. The selected bones were the right femur and tibia, sternum, ileum and sacrum including the sacral vertebrae, and lumbar vertebrae. Results are illustrated by representative examples. Both cortical bone and trabecular bone were visualized in an isolated tibia from a control mouse (Fig. 2a) and a diseased one (Fig. 2b) . Figure 2a , b shows virtual tomographic slices. In the MM mouse, trabecular bone mass was reduced and part of the inner microarchitecture of the bone disappeared. Overall density of the remaining bone structures was smaller in diseased mice compared to controls. In Fig. 2c , 3D models were reconstructed. The panel at the left is the control tibia. In the affected bones, arrows indicate cortical perforations. Similar abnormal perforations could be observed in cortical bone other than in the tibia. Osteolytic lesions caused by MM to the vertebrae can be seen in virtual cross sections in control mice (Fig. 3a, b ) and in MM mice (Fig. 3c, d ). Similar to the tibia, trabecular bone mass is reduced together with the disappearance of the inner microarchitecture. In the diseased mouse, the bone in the vertebrae From these results it is obvious that micro-CT can image the final effect of the disease at the moment of death, i.e., abnormalities in the skeleton due to osteolytic lesions, but it cannot prove the presence of myeloma cells themselves. Therefore, these anatomical derangements were correlated with histological observations. This is illustrated in Figs. 5 and 6, where a semitransparent 3D model of the caudal part of the skeleton was reconstructed from virtual cross sections. The red areas indicate the structures that were affected by MM as detected by BLI. The inserts show the micro-CT sections, with arrows indicating bone defects. The histological sections and specific immune staining for myeloma cells (CD138 expression) confirm the presence of myeloma tumor cells at these locations, as shown in Fig. 6 .
Histology
The presence of MM cells in the various bone specimens was confirmed by immunohistochemistry in detail in three mice. The findings were correlated with the aberrations of the skeleton detected by micro-CT (Table 2) . Immunostaining is a sensitive method to show the presence of MM; also, small foci of MM cells can be detected, provided that the possible location of the tumor is identified, i.e., by BLI. Comparison of the BLI signal and the immunohistochemical confirmation yielded an overall correlation for 20 out of 23 specimens ( Table 2 ). The histological slides also reveal lumbar vertebrae completely filled with MM tumor, with neighboring vertebrae that is completely normal (Fig. 6j, k) . Even within a femur areas with MM and areas completely free of MM exist, again emphasizing the focal growth behavior of this MM line in the mouse model (Fig. 6a, l) . All mice received 5 9 10 6 MM cells at day 0 and developed the disease. BLI signals were only observed in the skeleton. A gray cell in the table indicates a correlation of the occurrence of a BLI signal and the presence of skeletal aberrations in the same bone. ''B'' in a black cell indicates the presence of a BLI signal and no aberrations in the bone and ''S'' in a white cell indicates aberrations in the skeletal bone but no BLI signal NS no scans 
Discussion
The present study reports a multimodal imaging analysis of the effects caused by MM in immune-deficient mice. Initially, during a lifetime, outgrowth of myeloma cells was visualized by BLI. The brightness of the BLI signal is proportional to the tumor load. Therefore, this warrants the use of BLI to study the growth kinetics of MM and to validate experimental therapeutic interventions in this mouse model and underscores the value of imaging technology for this purpose reported by others [26, 27] . Analyzing the BLI images, we were able to localize the foci of MM growth in an area of a few millimeters in a bone. However, the presence of BLI signals indicates the presence of an MM tumor but it does not imply that the bone environment is damaged at this specific location, nor can it reveal the nature of the damage to the skeleton caused by the infiltrating tumor cells. The occurrence of bone lesions is a well-known symptom of MM, and therapeutic drugs, e.g., bisphosphonates, are prescribed [28] to block diseaseinduced osteoclast activity [29, 30] , thus preventing osteolysis. In the humanized MM mouse model that uses human fetal bone implants to facilitate outgrowth of patient-derived primary MM cells, the bone resorbance by the myeloma cells is well described [31] . Whether these processes of osteolysis also occurred in our human MM cell lines based mouse model was unknown.
Previously, micro-CT was used to detect bone lesions in isolated tibiae in a murine model for MM [3] . In the present study full skeletons were scanned as an initial screening to determine the bones that were affected. Based on these results, isolated bones were scanned with a high-resolution and improved signal-to-noise ratio, resulting in more detailed images. The occurrence of osteolytic bone lesions (OBLs) in the human disease is associated with the presence of MM tumors and can be detected by CT analysis, as confirmed in this mouse model. The fact that micro-CT can be used to visualize this process is in agreement with reports from others [32, 33] , but the combination of micro-CT with BLI that we studied has the option to follow the dynamics of these events during disease development as well as after therapy. In both micro-CT studies (full skeletons and isolated bones) we observed several defects in the diseased mice, which did not occur in normal control mice, with comparable gender and age. After finishing the micro-CT experiments, the presence of MM tumors in the bones was confirmed by immunohistochemistry in three selected mice. In some cases foci of MM cells were present in the histological slices, although they had not caused any lesions that were detectable by micro-CT. One possible explanation for this discrepancy might be the fact that spatial resolution is lower in micro-CT than in histology and that the size of the lesions was too small for micro-CT. However, histology might miss some derangements due to the cutting bias. This latter phenomenon may also interfere while making a correlation between the results from the two techniques. In addition, the presence of regions of bone destruction as revealed by micro-CT was compared with the results previously obtained from BLI signals in living mice. When both BLI and micro-CT signals are positive, this observation implies that the MM cells caused their anatomical damage at the same locations where they were growing. This is the case in most of the regions, despite the fact that both signals were measured at different time points. In total 82% of all areas correlated (Table 1) , with some skeleton parts having a higher correlation (sacrum and femora) and some skeleton parts having a lower correlation (sternum and humerus); but this is highly dependent on the high incidence of MM tumors present in those bones and unlikely to be statistically significant.
In the regions where the BLI signal was positive, no aberrations were observed by micro-CT. This might imply that the cells, although present, did not yet induce any visible anatomical destructions. We already discussed that probably a minimal amount of MM cells should be present for a certain period of time to cause some damage to the bone, which is a slow process. Areas with severe cortical bone defects (derangements as well as perforations), such as the sacrum and ileum in the pelvic area as well as the femora, were highly correlated with a strong BLI signal, indicative for a high tumor load.
The absence of a BLI signal combined with destruction seen by micro-CT might suggest that the MM cells secrete cytokines or other soluble factors that distribute throughout the circulation and may cause skeletal destruction (by stimulation of osteoclasts) not associated by cellular infiltration. In addition, the light absorption by tissues has been determined as a limitation to BLI sensitivity [26] , which is therefore depth-dependent. Superficial small tumors can be as bright as deeply located large tumors. This may account for some differences in the observations from the two imaging techniques. In human disease the MM-associated OBL results from an uncoupling of osteoclast-osteoblast activity, in which factors, e.g., NFjB and osteoprotegerin (OPG), regulated by Wnt3a, play crucial roles [34] . On the other hand, dickkopf-1 (DKK-1) produced in cell lines or derived from bone marrow sera from MM patients, was reported to suppress Wnt-3-induced expression of OPG in osteoblasts [35] . The cell lines U266 and RPMI that we used constitutively produced a soluble Wnt inhibitor, secreted Frizzled-related protein 2 (sFRP-2), but not DKK-1 [35] . This opens up the possiblity of studying the antitumor potential of drugs that interfere with these pathways and how this affects the changes in the bone microenvironment. Another reason for us to establish a humanized MM model is in view of developing a model that would enable us to explore possibilities for adoptive immune therapy on the basis of minor HLA antigens (mHags) [36] . Certain mHags are exclusively expressed on patient hematopoietic and malignant cells that can be utilized for specific targeting of myeloma cells after human histocompatibility leukocyte antigen (HLA)-matched allogeneic stem cell transplantation (allo-SCT). Earlier we identified two mHags that can serve as targets for human cytotoxic T lymphocytes [5, 37] . Cloning of the corresponding T-cell receptor will open the possibility to further develop patient-tailored immunotherapy [7] . In summary, multimodal imaging analysis of human myeloma growth in the RAG2 -/-cc -/-mouse revealed a clear correlation between the BLI signal, micro-CT analysis, and immunohistochemistry and in this respect strongly resembles the human disease. The model has potential for the study of the biology of human myeloma and for preclinical evaluation of new therapeutic approaches aimed at counteracting MM-induced bone lesions. NH no histology could be performed because the bone was lost during preparation
